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[1] Spectral observations of cirrus clouds can be analyzed
to obtain cloud particle effective radii using measurements
at select wavenumbers in the infrared atmospheric window.
The suitability of these wavenumbers to determine a range
of sizes is constrained by the dependence on particle radius
of ice absorption efficiency (Qabs). By using only those
wavenumbers at which Qabs varies monotonically with
radius, cloud particle radii up to approximately 20 mm can
be determined; larger values, however, present problems. At
some wavenumbers, the variation in Qabs is not sufficiently
large to distinguish between large particle radii. At other
wavenumbers, larger particles are more easily distinguished,
but Qabs values do not correspond to unique particle radii.
Using one set of wavenumbers only to determine whether
the particle is large or small, and a second set to actually
determine the effective radius of a large cloud particle, the
limitations faced at individual wavenumbers can be partially
overcome. This is demonstrated using yearlong spectral
observations of ice clouds at South Pole station. INDEX
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1. Introduction

[2] Ground-based observations of ice clouds from mod-
erate- and high-resolution spectrometers are now available
from a few polar observation programs [e.g., Walden et al.,
1998; Perovich et al., 1999], and radiance measurements
from these have been analyzed to obtain cloud effective
particle radii. Spectral data are also taken routinely at the
North Slope of Alaska site of the Atmospheric Radiation
Measurement program [Zak and Stamnes, 1992], and
similar observations of cirrus have also been made during
multi-instrument field campaigns. In comparison the to
typical 5-channel observations from the Advanced Very
High Resolution Radiometers (AVHRR) on National Oce-
anic and Atmospheric Administration (NOAA) satellites,
or even the 36-band observations of the Moderate Reso-
lution Imaging Spectroradiometers [King et al., 1992] on
board more recent missions, these spectral data represent a

significant improvement. The accuracy of cloud micro-
physical and radiative properties obtained from spectral
measurements is keenly dependent on the specific wave-
lengths of observation; newer instruments are designed to
make observations at increasingly higher resolution. As a
result, scientists have been able to obtain cloud particle
radii and optical depths to greater accuracy than with
MODIS and AVHRR data, which rely on approximations
of the ideal observing wavenumbers.

2. Improved Determination of Particle
Effective Radius

[3] The vastly greater number of channels at which data
is collected by high-resolution spectral instruments (typi-
cally, every 0.5 cm�1) allows the selective use of channels
most sensitive to cloud microphysical properties at partic-
ular heights in the atmosphere. Analysis techniques typi-
cally exploit the variation in ice absorption between 800 and
1200 cm�1 in the infrared atmospheric window - between
the 15-mm carbon-dioxide absorption band and the 9.6-mm
ozone emission band. At each spectral interval of observa-
tion, radiances obtained from measurements can be com-
pared with values calculated for different combinations of
cloud particle radii and optical depths, and the pair repre-
senting the minimum difference between observation and
calculation is determined. Increased availability of spectral
channels, therefore, makes the true minimum more likely to
be determined through such analysis. Also, when channels
close to the ideal wavenumbers (at which the sensitivity to
microphysical properties is greatest) are available, the use of
other channels that contain less useful information can be
reduced or avoided altogether.
[4] Figure 1 shows the variation of absorption efficiency

(Qabs) with particle size, calculated using Mie theory for
ice spheres at different infrared atmospheric ‘micro-
windows’. At most wavenumbers shown, Qabs is most
useful in determining small particle sizes; the variability
in Qabs values is much smaller for larger particles.
Secondly, the curves are not always monotonic. At each
wavenumber, Qabs increases with particle radius and
reaches a peak at some radius, and reverses sign with
further increases in particle size. Moreover, this ‘limit of
monotonic detection’ itself increases with wavenumber,
as shown in Figure 2. This figure shows the maximum
particle radius that can be detected from monotonic
changes in Qabs values (left axis, solid curve) as well
as the variation in Qabs for larger particles (20 to 50 mm)
at several wavenumbers. Although at larger wave-
numbers, it is possible to detect bigger particles, Qabs
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values are not as variable as at smaller wavenumbers;
this limits the reliability of large particle radii determined
using larger wavenumbers.
[5] To detect effective particle radii from observations in

the atmospheric window, therefore, requires two critical
factors. First, Qabs values must vary sufficiently with
particle size over a range of radii, and second, such variation
must be monotonic to obtain unique values of particle size
over the range. Many analysis techniques also use a
reference wavenumber at which the two are balanced, and
select detection wavenumbers to have clearly different
absorption efficiencies from this reference. Mahesh et al.
[2001], for example, conducted their analysis of cirrus
clouds over South Pole using 903 cm�1 as the reference
wavenumber and 988 cm�1 as the wavenumber of detec-
tion; at the larger value Qabs rises monotonically over a large
range of particle radii, and for much of that range its
variability is sufficient to distinguish sizes.
[6] Figure 2, nonetheless, suggest that the detection of

larger particles may be possible using smaller wavenum-
bers, provided the non-uniqueness of particle size values
that would be obtained using these frequencies can be
overcome. Because the limit of monotonic detection is
typically smaller than 10 mm at smaller wavenumbers,
however, we cannot use these spectral micro-windows to
detect small particles. On the descending portion of Qabs

curves (in Figure 1) at small wavenumbers, however,
variability in Qabs is both monotonic and sufficiently large.
Therefore, we only need to rule out the possibility that the
particle radius is small, say, less than 10–15 mm. Once that
determination has been made, we can thereafter turn to
using a smaller wavenumber (e.g., 811 cm�1) as more
suited to observations of larger particles, and to distinguish
between them in size. At 811 cm�1 the variability in Qabs

values for particle radii between 20 and 50 mm is seven or
eight times the corresponding variability at 988 cm�1; the
former is better suited to detecting large particle sizes once
it is determined that the particles are in fact large; without

this assurance the Qabs values cannot be uniquely attributed
to large particles.
[7] This improved detection of larger particles, however,

does not eliminate earlier uncertainties in particle size that
result from uncertainties in the radiance measurements
themselves. At the limit of size detection, variability in
absorption efficiency is small; Mahesh et al. [2001,
Figure 13] showed the effects of nearly unchanging Qabs

values, and those limitations continue to apply even with the
improved method outlined here. However, the Qabs curves
(Figure 1) suggest that at the same degree of uncertainty
previously available to detect particles between 15 and
25 mm using larger wavenumbers, it should be possible to
detect particle sizes up to 30 or 35 mm using smaller
wavenumbers instead; this similarity of uncertainties despite
larger particle sizes is an important reason to regard the
revised method as an improvement over its predecessor.
Also, Qabs curves show that the 15–25 mm particles
themselves can now be detected up to three times more
accurately using 811 cm�1.

3. Significance of Improved Detection of
Larger Particles

[8] A further question relates to the significance of
increasing size detection beyond 20 or 25 mm particles,
even if the range of detectable values is increased only by a
few microns. Grenfell and Warren [1999, hereafter GW]
showed that a non-spherical particle is best represented not
by a sphere of comparable volume or as one of comparable
surface area, but by a collection of spheres that together
preserve the surface area as well as the volume of the crystal
being represented. Absorption and scattering, the two prin-
cipal processes manifest in the spectra, are keenly depen-
dent on volume and surface area respectively. Any attempt
to capture one fully, however, diminishes or exaggerates the
importance of the other. An equal volume sphere does not
adequately present the surface area for scattering that the
crystal does, and an equal surface-area sphere presents too
large an absorption length to photons impacting the crystal.
A cloud of smaller particles that conserves both volume and
area, however, is better constrained on both counts. Mahesh
et al. [2001, Figure 16] found that the cloud radii obtained
from spectral analysis of the South Pole observations were
comparable to the radii of ice crystals gathered at the
station, when the values were computed as the radii of
equivalent surface-to-volume-ratio spheres, rather than
equivalent-volume or equivalent-area spheres.
[9] Of significant importance to the discussion here is the

fact that radius of the sphere by which such representation is
made is often much smaller than that of the equal volume or
equal area spheres, and that this representation changes
slowly with increasing particle size. Figure 3 shows, for a
cylinder of assumed basal radius r and length l, the
equivalent-sphere radius that would be obtained by Grenfell
and Warren’s representation. The key thing to note is that so
long as the radius and the length do not change equally, the
equivalent radius changes more slowly than the average of
the two values. Indeed, so long as one of the values remains
unchanged at a small value, the equivalent radius is not
significantly altered by changes in the other. The more non-
spherical the crystal, thus, more advantageously its equiv-

Figure 1. Absorption efficiencies at wavenumbers across
the infrared atmospheric window. Sensitivity to particle size
is seen at all wavenumbers, but at smaller wavenumbers,
absorption efficiencies do not correspond to unique particle
radii. At larger wavenumbers, variation in efficiency with
particle radius is not seen beyond approximately 20 mm.
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alent radius is captured in the spectra. If crystals grow
preferentially along one axis from smaller sizes, then their
equivalent radius - as computed by the GW method - grows
more slowly. GW representations are appropriate mainly
because it is the smaller dimension of a crystal that is
important to representing its radiative properties in spectra.
As a result, for axes ratios greater than 5 (thin needles) the
differences between hexagonal and GW representations are
not significant (Thomas Grenfell, personal communication).
This is also true for many instances when the aspect ratios
are small (less than 0.5).
[10] This suggests that an improvement in the spectral

analysis technique to determine only a slightly larger
particle size can still be of considerable significance. Even
a small increase in the upper boundary of particle size
detection (from 25 mm to 35 mm, for example) may permit
very many more cloud particle sizes to be determined. For
example, from the spectral observations made in 1992 at
South Pole station, Mahesh et al. obtained cloud particle
effective radii for Antarctic plateau clouds over the whole
year. They determined that for a fifth of the clouds the
particle sizes could be only lower-bounded but not deter-
mined, and set a lower bound of 25 mm for the size of such
cloud particles. Although particle sizes were determined
that were larger than 25 mm, the authors decided these were
indistinguishable to a sufficient degree of certainty from
much larger particles. Using the improved analysis de-
scribed here, however, a third of those ‘larger’ particle sizes
can be determined to a similar degree of certainty (Figure 4).
More importantly, several of the revised particle sizes were
found to be not between 25 and 35 mm, but in fact smaller
(between 18 and 25 mm). It appears that the larger wave-
number (988 cm�1) used previously is not merely inade-
quate to distinguish large particle sizes, but is also less
suited to determine slightly smaller particles than 25 mm
than 811 cm�1. This result is not surprising; the variation of
Qabs with particle size at the higher wavenumber does

suggest a lower sensitivity with increasing reff from values
as low as 15 mm.
[11] The 1992 observations were followed by a second

field program of measurements at South Pole [Walden et al.,
2001]. During this effort spectral data were taken continu-
ously throughout the year, whereas the 1992 observations
were made twice daily. The second measurement program
was also supported by lidar observations from the Micro-
Pulse Lidar Network [Welton et al., 2001], providing
accurate cloud heights. A significantly larger amount of
spectral data is therefore available for analysis, and the
improved particle size detection procedure can be similarly
used with the newer observations as well.

Figure 2. The ‘limit of monotonic detection’ (left axis, solid line) is the particle radius below which Qabs values rise
monotonically; at a particular wavenumber particle sizes below this limit can be detected uniquely. The larger the
wavenumber the lower its limit of monotonic detection. Also shown is the spectral variability in Qabs for large particles
(right axis, dashed line); the larger the wavenumber, the less suited it is to distinguish between particle sizes greater than
20 mm.

Figure 3. Radii of equivalent volume-surface area-ratio
spheres computed for cylinders of varying length and
radius. The equivalent radius is more comparable to the
smaller of the two dimensions; this suggests that an
increased ability to deduce ‘equivalent’ radii from spectral
observations may be significant.
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[12] The technique outlined here - to first determine a
boundary to particle size using one set of wavenumbers, and
thereafter use better-suited wavenumbers to determine the
effective radius more accurately - relies on the large
variability in the absorption properties of ice in the infrared
atmospheric window between 9.6 and 15 mm. Spectral
observations of cirrus clouds at other wavelengths could
conceivably be used in a similar manner. Newer spectral
instruments can make measurements beyond the range of
the interferometers used at South Pole, and other spectral
intervals (between 3.7–4 mm or 18–25 mm, for example)
may be appropriate for similar analysis, provided two
critical conditions are met. First, the spectral intervals must
include significant variability in the absorption properties of
ice at different particle sizes. And second, in any set of
spectral micro-windows used for analysis, the selected
wavenumbers must be close enough together that uncer-
tainties in radiance observations are closely correlated from
one wavenumber to another, thereby reducing their influ-
ence on the analysis technique. The use of other, more
widely separated wavenumbers, or of spectral intervals
where absorption properties of ice are not sufficiently
varied, will limit the advantage seen in this spectral window.

4. Conclusions

[13] Infrared spectra from ice clouds can be analyzed to
obtain particle effective radii by exploiting the dependence
of ice absorption efficiency on wavenumber as well as
particle size. The availability of high-spectral observations
from recent years has increased the number of channels
from which the wavenumbers best suited to such analysis
can be selected. Despite this, particle radii larger than 20 mm
have not been reliably determined, because absorption
efficiency is typically unchanging beyond this size at most
wavenumbers. Also, at wavenumbers where there is sensi-
tivity to larger particles, absorption efficiencies are not
unique. These two limitations, however, are not simulta-
neously manifest at the same wavenumbers. Therefore, by
using one set of wavenumbers to differentiate between small
and large particles, and a second set to determine the actual

sizes, effective particle radii up to 30–35 microns can be
determined. In this paper, the usefulness of this improved
analysis is demonstrated using spectral observations made
from the ground at South Pole station in 1992. Also,
because the effective particle radius manifest in the cloud
spectra typically changes more slowly the axes lengths of
the particles themselves, this gain is especially significant.
Increasing the boundary of detection capability by
10 microns can result in reliable size determinations in a
significant number of cirrus clouds. This is demonstrated for
the 1992 Antarctic observations; where previously only a
lower bound to particle size was known, now a third of the
previously undetermined cloud particle radii are found.
[14] This technique can be used with more extensive data

now available from the Antarctic plateau, as well as in other
observations of cirrus clouds. A similar analysis using
aircraft-based data will help assess the usefulness of this
improvement in the downward-looking case as well. Clearly,
the selective use of wavenumbers most suited to study clouds
of a particular size can provide significant gains. The routine
application of such methods to high-resolution spectral data -
both currently available and expected from future satellite
missions - is recommended.
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